Introduction
Although extensive progress has been made on spinal cord injury (SCI) repair in animal models and humans, so far, no satisfactory treatment is currently available. SCI leads to complex cellular and molecular interactions, including primary insult and secondary injury, within the spinal cord in an attempt to repair the initial tissue injury. Traumatic SCI triggers a series of reactive changes, including reactive astrogliosis and inflammatory cell activation, which results in the formation of a degenerative microenvironment in the lesion site. In many studies, this hostile environment, as well as the intrinsic incapacity of the neuron to regenerate, is regarded as an important contributor to the failure of spontaneous anatomical and functional repair of SCI (Fleming et al., 2006; Yiu and He, 2006) .
The importance of the glial cell response to injury has been extensively illustrated in the wound-healing processes after CNS injury. Astrocytes are a type of multifunctional cell. Apart from playing an essential homeostatic role and contributing to information processing in physiological conditions, they are also able to respond to various kinds of CNS insult, including physical, chemical, and pathological trauma. In reaction to injury, astrocytes are activated and referred to as reactive astrocytes, resulting in so-called reactive astrogliosis. Reactive astrogliosis is characterized by hyperplasia, hypertrophy of cell bodies and cytoplasmic processes, and up-regulation of intermediate filament proteins [such as glial fibrillary acidic protein (GFAP) and vimentin], and ultimately form a histologically apparent glial scar at the lesion site in the damaged spinal cord (Pekny and Nilsson, 2005; Sofroniew, 2009 ). In the early phase after CNS injury, glial scar plays a key role in sealing the lesion site, restoring homeostasis, preserving spared tissue and modulating immunity (Okada et al., 2006; Herrmann et al., 2008; Rolls et al., 2009) . However, excessive scar formation is one of the major current obstacles of axonal regeneration and functional recovery in the later periods (Yiu and He, 2006) . Besides the historical perspective that glial scar constitutes a mechanical barrier to regeneration, it also chemically inhibits SCI repair by releasing inhibitory extracellular matrix molecules, such as chondroitin sulfate proteoglycans (CSPG), tenascin and semaphorin 3 (Fitch and Silver, 2008) . Unlike myelinassociated inhibitory molecules that remain at largely static levels before and after CNS damage, these inhibitory extracellular matrix molecules in glial scar are dramatically increased during the inflammatory stages after injury, which provides a window of opportunity for therapeutic interventions. Importantly, some strategies designed to modify reactive astrogliosis and glial scar formation have been found to promote axonal regeneration and functional recovery after adult CNS injury (Goldshmit et al., 2004; Wilhelmsson et al., 2004; Tian et al., 2007) .
An additional important influencing factor involved in the abortive attempts of neuronal regeneration after SCI is the inflammatory cell activation. Immune cells play a critical role in the resolution of wound healing and pathologies that occur in peripheral organs. Although the CNS had been considered immune privileged, neuroinflammation is now recognized as a typical hallmark of both acute and chronic neurodegenerative disease. Following CNS injury, an intensive local inflammatory response is observed, involving activation of resident microglia in the CNS and coordinated infiltration of the damaged site by various leucocytes from the peripheral blood (Popovich and Hickey, 2001; Stoll et al., 2002; Fleming et al., 2006) . Interestingly, it has been shown that the acute inflammatory response to traumatic injury is greater in the spinal cord than in the cerebral cortex (Schnell et al., 1999) . The SCI-induced cellular inflammatory response has been implicated as one mechanism of secondary damage at the injury site and in lesion extension into nearby rostral/ caudal spinal levels (Dusart and Schwab, 1993; Popovich et al., 1997; Fleming et al., 2006) . While high-dose methylprednisolone steroid therapy alone has not proved to be the solution to this problem, other strategies for modulating neuroinflammation are providing robust evidence for alleviating axonal damage and improving neurological function (Cuzzocrea et al., 2008; Tederko et al., 2009; Tian et al., 2009) .
As the final product of glycolysis and the substrate for the tricarboxylic acid cycle, pyruvate plays a key role in intermediary metabolism (Vander Heiden et al., 2009 ). In addition, pyruvate has also been reported to be an effective scavenger of reactive oxygen species (ROS) in cells (Jagtap et al., 2003; Hinoi et al., 2006; Wang et al., 2007) and an antiinflammatory agent (Gupta et al., 2000; Das, 2006; Wang et al., 2009) . However, its poor stability in solution may limit the usefulness of pyruvate as a therapeutic agent (von Korff, 1964) . Ethyl pyruvate is a stable and lipophilic derivative of endogenous pyruvate (Sims et al., 2001; Fink, 2003; 2007) , and, along with pyruvate or ethyl pyruvate has been shown to ameliorate organ injury or dysfunction in a wide variety of animal models, including haemorrhagic shock (Mongan et al., 2001) , transient cerebral ischaemia (Lee et al., 2001; Yu et al., 2005; Tokumaru et al., 2009; Shen et al., 2010) , traumatic brain injury (Moro and Sutton, 2010 ) and Parkinson's disease (Choi et al., 2010; Huh et al., 2011) .
In the current study, we explored the effect of ethyl pyruvate on the damaged spinal cord using a rat model of SCI. Administration of ethyl pyruvate was shown to inhibit astrogliosis and neuroinflammation, promote neuron survival and neural regeneration, and improve the functional recovery of spinal cord, indicating a potent neuroprotective effect of ethyl pyruvate against SCI.
Methods

SCI and experimental groups
Adult male Sprague-Dawley rats (170-200 g) were used for the SCI study. The animals were housed at a constant temperature of 22°C on a 12-hour light/dark cycle with access to food and water ad libitum. All animal care and experimental procedures complied with the guidelines recommended by the National Institutes of Health for the care and use of animals for scientific purposes and were approved by the Animal Experimentation Ethics Committee of the Second Military Medical University.
Spinal cord hemisection at T8 was performed as previously described with slight modifications (Vavrek et al., 2006) . Animals were anaesthetized with 2% pentobarbital sodium (40 mg kg -1 ). The analgesia was assessed as the JOBNAME: No Job Name PAGE: 3 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 SUM: B383484B /v2501/blackwell/B_journals/bph_v0_i0/bph_1804
absence of response to a toe-web pinch. Laminectomy was performed to expose the dorsal surface of the T7-9 segment, followed by a spinal right hemisection at T8 using a fine corneal blade (cut twice in the same place to ensure complete section). Post-operatively, animals were kept at 22-25°C on highly absorbent bedding, and received manual bladder expression twice daily until reflexive bladder control returned. Rats were randomly divided into three experimental groups: (i) sham-operated group (sham), in which the spinal cord was exposed but not lesioned; (ii) injured-control group (control), which received SCI with no ethyl pyruvate but an i.p. injection of normal saline solution; and (iii) ethyl pyruvate-treated group (ethyl pyruvate), which received SCI with ethyl pyruvate in normal saline by i.p. injection.
Functional assessment
All behavioural assessments were performed by observers unaware of (blinded to) the experimental groups. Firstly, the Basso-Beattie-Bresnehan (BBB) locomotor score was used to rate hindlimb movements following SCI as previously described (Basso et al., 1995) 1, 7, 14, 21, 28 and 35 days after operation. In brief, the rats were placed individually in an open field with a non-slippery surface where one animal at a time was allowed to move freely for 5 min. A BBB scale, in which a score of 21 was considered normal and a score of zero indicated no hindlimb movement, was used to assess hindlimb locomotor recovery including joint movements, stepping ability, coordination, and trunk stability. Secondly, the rung horizontal-ladder test was used to assess the deficits in the descending motor functions (KarimiAbdolrezaee et al., 2006) . The rung ladder that consisted of a 1 m long tunnel containing a ladder with rungs 0.5 cm in diameter was elevated 30 cm from the ground, where the ability of animals to walk on it was evaluated. This test requires the rat to be able to coordinate hindlimb movements with forelimb movements in order that the hindlimbs do not slip through the gaps between the rungs. To assess the deficits in the descending motor functions, the ability of rats to walk on the horizontal ladder with metal rungs was assessed 14, 21, 28 and 35 days after operation. For quantitative purposes, the number of foot slips of each rat was counted during a period where they were allowed to walk freely on the horizontal grid. Before SCI or sham surgery, rats were trained for three sessions. For each session, the average number of foot falls of each animal was taken from three trials. The number of foot slips counted in the control group and in the ethyl pyruvate-treated group was normalized to that counted in sham-operated group.
Finally, locomotor activity was also evaluated using the foot-print analyses system following the previous protocols (Karimi-Abdolrezaee et al., 2006) . Animals that could support their own weight were footprinted by dipping their forelimbs and hindlimbs in red and black non-toxic ink, respectively. Then, the foot-printed rats were allowed to walk across a narrow runway covered with white paper (1 m length and 7 cm width). To prevent the rats from pausing while passing the track, a very bright box and a dark box with food was placed at the beginning and at the end of the runway, respectively. The footprints of rats were analysed before the operation and 14, 21, 28 and 35 days after the operation by measuring the stride length (SL, determined by measurement of multiple successive steps), angle of rotation (AR, the angle made by two lines connecting the third toe and the stride line at the centre of the paw pad) and interlimb coordination (ILC, the distance between the centre pads of the ipsilateral forelimb and hindlimb) where SL, AR and ILC were indicated as a percentage of each rat's own baseline, measured before the operation.
Analyses of astrogliosis in vivo
Histological analyses of astrocytic gliosis in vivo were performed as previous protocols (Su et al., 2010) . The spinal cord-hemisected rats were injected (i.p.) with 0.431 mmol·kg -1 day -1 ethyl pyruvate or normal saline solution. This treatment was initiated immediately after spinal cord hemisection and continued at regular intervals for a total of 10 doses. Ten days later, the animals were killed by injection with an overdose of pentobarbital sodium and a 1.5 cm length of the spinal cord spanning the lesion site was isolated from the killed rats. Serial longitudinal sections (10 mm) were cut in the horizontal plane and every fifth section was collected. After immunofluorescent staining with GFAP, the size, the total number and the fluorescent intensity of GFAP-positive cells were counted in a 0.25 mm 2 grid close to or 1 mm proximal to the lesion site to quantify the reactive astrogliosis in the damaged spinal cord. In addition, detection of the CSPG-positive region, a fundamental component of glial scar, can be used to quantitatively assess the formation of glial scar after SCI. Rats from the control group and the ethyl pyruvate group were treated with normal saline or ethyl pyruvate from day 0 to day 10. Four weeks after SCI, the size and the fluorescent intensity of the CSPG-positive area was measured in every fifth horizontal section centered at the injury sites to quantitatively evaluate the glial scar formation in the injured spinal cord.
Primary astrocyte cultures
Highly enriched primary astrocytes were isolated from the cerebral cortex of 2 day-old newborn Sprague-Dawley rat as previously described (Cao et al., 2007) . After removal of the meninges, the cerebral cortices were dissociated into a singlecell suspension by trypsinization and mechanical disruption. The cells were seeded on poly-L-lysine-(PLL, 0.1 mg·mL -1 ; Sigma, St Louis, MO, USA) coated culture flasks and incubated in Dulbecco's modified Eagle's medium/F-12 containing 10% fetal calf serum. After 8-10 days, an enriched astrocyte culture was obtained from this mixture of glial cells by shaking the flasks on a rotary shaker at 260 r.p.m. for 18-20 h at 37°C to remove microglia and oligodendrocyte precursor cells. Astrocytes were subsequently detached using trypsin-EDTA and plated into PLL-coated 12-well plates or onto PLLcoated cover slips. The cultures routinely contained > 98% astrocytes, as assessed by expression of the astrocyte marker GFAP.
In vitro astrocytic activation model
Cultured astrocytes were activated by scratch injury as previously reported (Yu et al., 1993) . Briefly, astrocytes were plated in PLL-coated 12-well plates. Upon growing to confluence, the astrocyte monolayers were scratched with a sterile 200 mL plastic pipette tip to form a cell-free area approximately 1 mm wide. After cultures were washed twice with sterile PBS to remove detached cells, the medium was replaced with Neurobasal-B27 medium. To test the effect of ethyl pyruvate on astrogliosis in vitro, astrocytes were stimulated with 5, 10 or 15 mM ethyl pyruvate (dissolved in Neurobasal-B27 medium).
Cell proliferation assay
Cell proliferation was assessed by the 5-bromo-2-deoxyuridine (BrdU) incorporation assay as described previously (Su et al., 2010) . After treatment with or without ethyl pyruvate for 24 h, 10 mM BrdU (Sigma) was administered to the cultures for the last 18 h before immunostaining. Astrocytes were fixed with 4% paraformaldehyde (PFA) for 20 min, followed by treatment with 2 N HCl for 10 min to denature DNA, and then 0.1 M sodium borate (pH 8.5) for 10 min to neutralize the acid. BrdU incorporation was detected by fluorescent staining using an anti-BrdU monoclonal antibody (Thermo). Hoechst labelling was used to image the nuclei. Cell proliferation index was determined as the ratio of BrdU
Immunostaining
For immunocytochemical analyses, astrocytes in 12-well plates or on coverslips were fixed with 4% PFA for 20 min and permeabilized with 0.3% Triton X-100 in 0.1 M PBS, followed by blocking the non-specific binding in PBS containing 10% goat serum. Then, cells were incubated with primary antibodies against GFAP (Sigma) or Vimentin (Boster) overnight at 4°C. After being washed three times in PBS, cultures were incubated with appropriate fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) for 90 min at room temperature. Cells were viewed and photographed with an Olympus photo microscope (BX70). For immunohistochemical analyses, animals were deeply anaesthetized with 2% pentobarbital sodium and perfused transcardially with 4% PFA in 0.1 M PBS. The spinal cords were subsequently dissected from each animal and post-fixed in the perfusing solution overnight at 4°C. Then, the tissues were cryoprotected in 20% sucrose in PBS for 24-48 h at 4°C. Cryostat sections (10 mm) were cut and mounted onto gelatin-subbed slides. The slides were permeabilized and blocked with 0.3% Triton X-100/10% normal goat serum in 0.1 M PBS for 15 min. Primary antibodies against GFAP (Sigma), CSPG (Sigma), Iba-1 (Abcam Ltd, Cambridge, UK), ED-1 (Millipore, Billerica, MA, USA) or CD11b (Boster) were then applied to the sections overnight at 4°C. The following day, sections were incubated with fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories Inc.) and examined by Olympus fluorescence microscopy. All histological analysis was performed by observers unaware of (blinded to) the experimental groups.
Western blot
Changes in protein expression of GFAP in vitro and in vivo were analysed by Western blot. The cell or tissue lysates were denatured by boiling for 10 min and then centrifuged for 10 min at 13,000xg at 4°C. Proteins were separated by SDS-polyacrylamide gel and then transferred onto nitrocellulose membranes. Membranes were then blocked with 10% non-fat milk in 1 ¥ tris buffered saline with Tween and incubated with primary antibodies against GFAP (Sigma). To control for differences in protein loading, membranes were also incubated with anti-GAPDH antibody (Sigma). After incubating with horseradish peroxidase-conjugated secondary antibodies (Sigma), immunoreactive bands were visualized by chemiluminescence reagents (Amersham ECL; Amersham Pharmacia Biotech, Little Chalfont, Bucks, UK).
Terminal deoxynucleotidyl transferasemediated 2Ј-deoxyuridine 5Ј-triphosphate nick end labeling assay (TUNEL) staining
Programmed cell death in situ was analysed by specific labelling of nuclear DNA fragmentation (TUNEL) using the In Situ Cell Death Detection Kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. Briefly, the sections prepared as described for immunohistochemistry were immersed in TUNEL reaction mixture and incubated in a humid atmosphere at 37°C for 60 min. The cellular marker NeuN was used to label neurons in the spinal cord. Quantification of cell apoptosis was accomplished by counting the number of TUNEL and NeuN-positive cells under a fluorescence microscope.
Anterograde tracing
To trace endogenous axons, 10% tetramethylrhodamine biotinylated dextran amine (BDA; Molecular Probes, Eugene, OR, USA) was injected into the motor cortex as described previously (Cao et al., 2004; Ruitenberg et al., 2005) . After exposure of both sensorimotor cortices by drilling two holes in the cranium, a 10% BDA in sterile PBS was injected bilaterally in eight sites of each sensorimotor cortex (0.5 mL per site) to cover the entire hindlimb region ( Figure 7A ). Two weeks later, the animals were killed and the spinal cords were dissected. Serial horizontal sections (10 mm) were collected and the signal fluorescence in each section was measured with the Image-Pro Plus image analyses software for quantitative analyses of BDA-labelled corticospinal tract (CST). Background and non-specific labelling in each image was excluded by altering the intensity thresholds. In horizontal sections, the density of BDA-labelled axons running rostrally to caudally through the hemisection was detected in right (ipsilateral to the lesion site) half spinal cord at 1 mm caudal to the lesion site in every fifth section. To control for differences in axon tracing and labelling efficiency between animals, the fluorescent intensities of BDA-labelled axons measured within right half spinal cord were normalized to that detected within left (contralateral to the lesion site) spinal cord for each horizontal section examined.
Statistical analyses
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Results
Improvement of hindlimb functions after treatment with ethyl pyruvate
To determine whether treatment with ethyl pyruvate improved recovery of function after SCI, three independent behavioural tasks, including BBB open-field scoring, horizontal-ladder test, and foot-print analyses, were used to assess the behavioural functions.
After i.p. administration of ethyl pyruvate at doses of 0.215, 0.431 or 0.646 mmol·kg -1 day -1 immediately following SCI, behavioural evaluation by BBB scoring was performed ( Figure 1A) . In the open field, sham-operated animals obtained a maximum BBB score during the 5-week assessment period. On the first day after SCI, the control and ethyl pyruvate-treated animals manifested complete hindlimb paralysis with no observable hindlimb movement. By 1 week after surgery, although both control and ethyl pyruvatetreated animals had improved hindlimb locomotor function, they did not have significantly different BBB scores. From 2 to 5 weeks after SCI, hindlimb locomotor performance of both control and ethyl pyruvate-treated animals had continued to be improved gradually, but the ethyl pyruvate-treated (0.215, 0.431 or 0.646 mmol·kg
) group displayed BBB scores greater than that achieved by any of the control animals. Importantly, the 0.431 and 0.646 mmol·kg -1 doses of ethyl pyruvate were more effective than the 0.215 mmol·kg -1 dose, while there was no significant difference between the effects of ethyl pyruvate at 0.431 and 0.646 mmol·kg -1 day -1 . In addition, we also investigated the effect of ethyl pyruvate administered at different times after SCI. As shown in Figure 1B , injection of ethyl pyruvate (0.431 mmol·kg -1 day -1 ) immediately or 12 h after SCI was shown to improve hindlimb locomotor function, while no significant improvement was observed when ethyl pryruvate was administered 24 h after SCI.
Ethyl pyruvate-treated animals also performed better on the horizontal-ladder walk task. When rats showed sufficient recovery to bear weight, they were applied to the horizontalladder test in which forelimb-hindlimb coordination and voluntary motor movement integration are required to complete the task, walking across a 1 m horizontal grid-way. As shown in Figure 1C , all sham-operated rats accurately accomplished the test with almost no errors in foot placements during the assessment period. By 3 weeks after operation, both control and ethyl pyruvate-treated animals showed significant deficits in hindlimb placements. By 4 weeks after SCI, although a progressive decrease in the number of footfalls was observed in both control and ethyl pyruvate groups, ethyl pyruvate-treated animals had a significantly decreased number of footslips of the hindpaw. Statistical analyses showed that animals in the ethyl pyruvate-treated group had significantly better foot placements at 4 and 5 weeks after SCI, compared with the control SCI group ( Figure 1C) .
In the footprint test, parameters including SL, AR and ILC were used to analyse the animals' footprint patterns weekly after SCI. As shown in Figure 1D and E, the footprint patterns from sham-operated rats maintained almost 100% of their baseline SL. However, a decreased SL was observed both in control and ethyl pyruvate-treated animals. By 3 weeks after surgery, animals treated with ethyl pyruvate regained a significantly greater SL than that of the SCI control group. Figure 1D and F show a consistent improvement in the AR in hindlimb placement of control and ethyl pyruvate-treated animals. Importantly, rats receiving ethyl pyruvate revealed a more dramatic reduction in hindlimb AR than control animals at 3, 4 and 5 weeks after SCI. The footprint assessments also indicated that the ethyl pyruvate group had a significantly better improvement in ILC, compared with the control group ( Figure 1D and G) . Taken together, multiple behavioural analyses suggested that treatment of rats with ethyl pyruvate improved locomotor recovery after SCI.
Inhibition of reactive astrogliosis by ethyl pyruvate
To determine whether ethyl pyruvate affected reactive astrogliosis in vivo, immunohistochemical analyses were performed in an animal model with spinal cord hemisection. Astroglial hyperplasia is a major property of reactive gliosis in the damaged CNS. As shown in Figure 2A and C, spinal cord hemisection resulted in a significant increase in the total number of GFAP-positive cells close to the lesion (peri-lesion areas) compared with that in distant areas (1 mm proximal to the injury). After treatment of spinal cord-hemisectioned animals with ethyl pyruvate (0.431 mmol·kg -1 day -1 ) for 10 successive days, the number of GFAP immunoreactive cells in peri-lesion areas but not in distant areas was significantly decreased, suggestive of an inhibitory effect of ethyl pyruvate on SCI-induced astroglial hyperplasia (Figure 2A-C) . In addition, up-regulation of GFAP was observed in the vast majority of astrocytes in peri-lesion areas; their cell bodies became hypertrophic and extended large and thick processes (Figure 2A) . However, treatment with ethyl pyruvate markedly reduced the expression of GFAP (Figure 2A , B and D) and attenuated astrocytic hypertrophy in terms of the average size of GFAP-positive cells (Figure 2A , B and E). Western blot analyses of GFAP expression in spinal cord also indicated that SCI-induced up-regulation of GFAP was significantly attenuated by ethyl pyruvate treatment ( Figure 2F ).
An in vitro 'scratch-wound' model was also used to evoke astroglial responses to mechanical injury and examine whether ethyl pyruvate influences the reactive astrogliosis. Treatment of astrocytes with ethyl pyruvate at a dose of 10 or 15 mM but not 5 mM was shown to ameliorate injuryinduced hypertrophy of cell bodies and cytoplasmic processes of astrocytes ( Figure 3A) . Both GFAP and vimentin participate in the formation of the intermediate filament network. In response to CNS injury, the intermediate filament network becomes very prominent, in particular in the soma and main processes of astrocytes, which is another hallmark of reactive astrogliosis. Immunostaining and immunoblot showed that treatment with ethyl pyruvate (10 or 15 mM) significantly inhibited the up-regulation of GFAP and vimentin in reactive astrocytes ( Figure 3B-D) . Additionally, treatment of reactive astrocytes with ethyl pyruvate (10 or 15 mM) also resulted in a significant decrease in their proliferation ability proximate to the scratching injury site ( Figure 3E and F) , but did not significantly change the extent of cell death (evaluated by measuring LDH activity in the culture medium; data not shown). 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ) was administered i.p. immediately after SCI, then the locomotor BBB score of rats was assessed (n = 5 for sham-operated group, n = 8 for control group and ethyl pyruvate group, respectively). (B) Analyses of motor function of rats that received ethyl pyruvate (0.431 mmol·kg -1 day -1 ) at 0, 12 or 24 h after SCI. (C) By grid-walk analyses, fewer errors in hindlimb placements were observed in animals treated with ethyl pyruvate at 4 weeks after injury compared with the control groups (n = 5 for sham-operated group, n = 6 for control group and n = 7 for ethyl pyruvate group). (D) Representative footprints of sham, control, and ethyl pyruvate rats (n = 5 for sham-operated group, n = 6 for control group and n = 7 for ethyl pyruvate group) showed improvement in stride length, AR and ILC in the ethyl pyruvate group. (E-G) Quantitative analyses of foot-print revealed that ethyl pyruvate significantly reduced the hindlimb angle of rotation at 3 weeks after SCI and improved stride length and interlimb coordination at 3 and 2 weeks after SCI respectively. *P < 0.05, **P < 0.01 versus control. A range of physiological changes, including secretion of a variety of cytokines and production of cell adhesion and extracellular matrix molecules, are reported to accompany the morphological changes of reactive gliosis. Among these products, CSPG is the main inhibitory component of the glial scar. A decrease in the amount of CSPG deposited is beneficial to axonal regeneration. As shown in Figure 4A , immunostaining for CSPG revealed that the expression of CSPG was markedly reduced in the spinal cord of rats treated with ethyl pyruvate (0.431 mmol·kg -1 day -1 ) compared with that treated with normal saline. To quantify the formation of glial scar, the size of the CSPG immunoreactive area and the intensity of expression of CSPG were measured. Figure 4B and C showed that treatment with ethyl pyruvate greatly decreased the size of the glial scar and CSPG immunoreactivity. Thus, ethyl pyruvate inhibited reactive astrogliosis and ultimately diminished the formation of glial scar in vivo.
Ethyl pyruvate alleviates SCI-induced neuroinflammation and promotes neuron survival
Ethyl pyruvate has been reported to act as an ROS scavenger and possess anti-inflammatory and cytoprotective actions (Kao and Fink, 2010) . To determine whether ethyl pyruvate affected SCI-induced neuroinflammation, an analyses of macrophage-microglia activation in the damaged spinal cord was performed by staining for CD11b, Iba-1 and ED-1. Ethyl pyruvate (0.431 mmol·kg
) reduced the infiltration of
Figure 2
Quantitative assessment of reactive gliosis in the damaged spinal cord. (A, B) Effects of ethyl pryuvate on astrocytic gliosis were histologically analysed by immunostaining with GFAP 10 days after treatment of SCI rats with ethyl pyruvate (0.431 mmol·kg -1 day -1 ) (A) or normal saline (B) (n = 6 for control group and ethyl pyruvate group respectively). Insets indicate the reactive astrocyte that was revealed to be hypertrophic under higher magnification. Scale bars: 300 mm in left panel; 100 mm in right panel. (C-E) Quantitative analyses of reactive astrogliosis in the injured spinal cord, including the number, the grey-level value, and the size of GFAP-positive astrocytes close to the lesion site or 1 mm proximal to the lesion site. *P < 0.01 versus control, **P < 0.01 versus control. (F) Western blot analyses of GFAP expression in spinal cord. **P < 0.01 versus injured spinal cord. Figure 5A and D) . Figure 5B and E reveal that animals treated with ethyl pyruvate had a significant decrease in the number of activated microglia (Iba-1 immunoreactive cells) in perilesion areas, suggesting that SCI-induced microglial activation was inhibited by ethyl pyruvate. The decrease in the number of ED-1 immunoreactive cells in peri-lesion areas was also observed in the rats treated with ethyl pyruvate ( Figure 5C and F) . These results indicate that ethyl pyruvate exerts an inhibitory effect on the SCI-induced inflammatory response.
The inflammatory response is thought to be important for secondary damage following SCI, resulting in neuronal and glial apoptosis. To examine the effect of ethyl pyruvate on neuron survival in the damaged spinal cord, TUNEL staining was carried out. As shown in Figure 6 , treatment of animals with ethyl pyruvate (0.431 mmol·kg
) significantly decreased the number of apoptotic neurons at the lesion site of spinal cord, indicative of a neuroprotective action of ethyl pyruvate against SCI.
Ethyl pyruvate treatment promotes axonal regeneration across the lesion site
After SCI, axonal survival and regeneration is required for functional recovery. To test whether the ethyl pyruvatemediated improvement of glial microenvironment at the lesion site contributes to axonal regeneration, an anterograde tracing technique was used to assess the regeneration of CSTs 8 weeks after spinal cord hemisection. In sham-operated animals, equivalent labelling of descending axonal pathways was observed ipsilateral and contralateral to the lesion site ( Figure 7B ). As shown in Figure 7C , little regeneration of the transected corticospinal axons that are labelled by BDA at
Figure 3
Inhibition of reactive astrogliosis by ethyl pyruvate in vitro. (A) The morphological change of astrocytes was observed within the scratch area in presence of ethyl pyruvate (0, 5, 10, 15 mM). Immediately after scratch, ethyl pyruvate at indicated concentration was added to the lesioned cultures of astrocyte. Twenty-four hours later, ethyl pyruvate was shown to inhibit the extensive hypertrophy of cell bodies and cytoplasmic processes of astrocytes proximal to injury; an effect which was dose-dependent. (B, C) Immunocytochemical analysis of GFAP and vimentin expression in scratch injury-induced reactive astrocytes in the absence or presence of ethyl pyruvate (10 or 15 mM). A reactive index of astrocytes, described as a ratio of the average fluorescent intensity of GFAP or vimentin in a narrow zone (150 mm wide) next to the scratch injury to that in another narrow zone (150 mm wide) adjacent to it, was used to quantitatively assess scratch-induced reactive astrogliosis. A reactive index of >1 represents the activation of astrocytes next to scratch injury. The histogram illustrates that ethyl pyruvate significantly inhibited astrogliosis. (D) Effect of ethyl pyruvate on GFAP expression in the scratch injury-reactive astrocytes was analysed by Western blot. (E, F) Ethyl pyruvate inhibited the proliferation of reactive astrocytes in the scratch injury model. Using BrdU labelling, proliferation of astrocytes was examined in the scratch injury model in the absence or presence of 10 mM ethyl pyruvate (E). Insets indicate the BrdU-positive astrocytes under higher magnification. Quantitative assessment of BrdU-positive astrocytes proximate to the lesion induced by scratch (F). **P < 0.01 versus control (0 mM). Scale bar = 50 mm.
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Y Yuan et al. JOBNAME: No Job Name PAGE: 9 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 SUM: 5B368D98 /v2501/blackwell/B_journals/bph_v0_i0/bph_1804 0.5 cm caudal to the lesion site was found in the control group. However, treatment of animals with ethyl pyruvate (0.431 mmol·kg -1 day -1 ) resulted in an increase in the number of corticospinal fibres that had grown through the lesion site and reached the segment distal to the lesion epicentre ( Figure 7D ). For quantitative analyses, regenerating BDApositive fibres were counted on the sagittal sections 0.5 cm distal to the centre of the lesion site, in term of numbers of BDA-labelled fibres in the segment ipsilateral to lesion site, which was normalized to that in the segment contralateral to the lesion site. Statistical analyses revealed more regenerating BDA+ axons in animals receiving ethyl pyruvate than that in control animals ( Figure 7E ).
Discussion
The glial cells, including astrocytes, oligodendrocytes and microglia, constitute a neural microenvironment for neurons in the CNS. Besides providing a variety of critical structural and physiological supportive functions that maintain neuronal homeostasis, they also respond to CNS injury or disease (Barres, 2008; Ndubaku and de Bellard, 2008; Aamodt, 2007) . For example, astrocytes are complex, highly differentiated cells that tile the entire CNS in a contiguous fashion and make numerous essential contributions to normal function in the healthy CNS, including neurotransmitter regulation, ion homeostasis, blood brain barrier maintenance, and the production of extracellular matrix molecules destined for the basal lamina and perineuronal net (Wang and Bordey, 2008; Sofroniew and Vinters, 2010) . However, they become reactive in response to various types of injury, resulting in the formation of the histologically apparent glial scar in damaged CNS (Fitch and Silver, 2008; Sofroniew, 2009) . Microglial cells, the resident immune system phagocytic cells within the brain and spinal cord, are usually present in a resting state in the healthy CNS but readily become activated in response to injury, infection, and a variety of neuroinflammatory stimuli ). Four weeks after SCI, glial scar formation was evaluated by immunostaining for CSPG in horizontal sections through the spinal cord with the lesion epicentre in the middle (n = 4 for sham-operated group, n = 5 for control group and n = 4 for ethyl pyruvate group). Insets indicate the image under higher magnification. (B) Quantitative assessment of the size and immunoreactivity of the CSPG-positive area. **P < 0.01 versus control. Scale bar = 400 mm. JOBNAME: No Job Name PAGE: 10 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 SUM: 21F36FAE /v2501/blackwell/B_journals/bph_v0_i0/bph_1804
Figure 5
Alleviation of SCI-induced neuroinflammation by ethyl pyruvate at 7 days after injury. (A-C) CD11b, Iba-1 or ED-1 was double stained with GFAP at the lesion site of spinal cord after treatment with normal saline (control) or ethyl pyruvate (0.431 mmol·kg
). (D-F) SCI-induced neuroinflammation was quantitatively assessed by determining the mean immunoreactive density of CD11b at the lesion site and the number of Iba-1 or ED-1 immunoreactive cells in peri-lesion areas (n = 6 for control group and n = 7 for ethyl pyruvate group). The data of ethyl pyruvate group were normalized to that of control group. Scale bar: 100 mm in (A) and (C); 50 mm in (B). **P < 0.01 versus control. JOBNAME: No Job Name PAGE: 11 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 /blackwell/B_journals/bph_v0_i0/bph_1804 (Kim and de Vellis, 2005; Graeber and Streit, 2010) . Glial cell response induced by injuries may result in the formation of a degenerative microenvironment at the lesion site. This hostile microenvironment is implicated as an important factor that leads to the failure of neural regeneration and functional recovery after CNS lesion. In the present study, we showed that treatment of spinal cord-hemisectioned rats with ethyl pyruvate improved the glial microenvironment by attenuating reactive astrogliosis and neuroinflammation and promoting axon regeneration and functional recovery.
Reactive astrogliosis, whereby astrocytes undergo a variety of morphological and molecular changes, including loss of the polarized expression of endfeet proteins, hyperplasia, hypertrophy and up-regulation of intermediate filaments, and secretion of CSPGs, is a ubiquitous hallmark of all CNS pathologies (Sofroniew, 2009; Robel et al., 2011) . In severe CNS injury, the reactive gliosis ultimately results in the formation of glial scar around the lesion site. Although the scar tissue is required in the acute phase after injury for sealing and cleaning the injury and restoring homeostasis (Okada et al., 2006; Herrmann et al., 2008; Rolls et al., 2009) , long-term and/or excessive scar tissue formation is deleterious to functional recovery by constituting a physical and chemical obstacle to axonal regeneration and extension (Widestrand et al., 2007; Sofroniew and Vinters, 2010) . Some experimental strategies that modify the astroglial microenvironment in damaged spinal cord, including ablation of proliferating scar-forming astroctyes and knockout or knockdown of molecules produced by reactive astrocytes, have been shown to improve axonal regeneration and functional recovery after injury (Goldshmit et al., 2004; Wilhelmsson et al., 2004; Tian et al., 2006; 2007) . In the present study, we demonstrated that astroglial hypertrophy, hyperplasia and GFAP expression were significantly attenuated after treatment with ethyl pyruvate in the spinal cord hemisection model. Moreover, immunostaining for CSPG indicated that the inhibition of reactive astrogliosis resulted in a significant decrease in the formation of the glial scar after SCI. In the in vitro cell scratch injury model, ethyl pyruvate was also shown to inhibit the astrocytic proliferation, the 8   9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28   29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 JOBNAME: No Job Name PAGE: 12 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 SUM: 5DA2E3FF /v2501/blackwell/B_journals/bph_v0_i0/bph_1804 hypertrophy of astrocytic processes and the up-regulation of intermediate filament (GFAP and vimentin) . However, the difference between effective concentration of ethyl pyruvate in vitro (10 mM) and in vivo (0.431 mmol·kg -1 ) should be noted. This discrepancy might suggest that the inhibitory activity of ethyl pyruvate on reactive astrogliosis in the damaged spinal cord is indirect.
Microglial cells are the first cells to be activated, rapidly migrating to the lesion site and initiating a robust neruoinflammatory response by communicating with the immune system (Hanisch and Kettenmann, 2007) . The activation of CNS resident microglia and recruitment of blood-born inflammatory cells is thought to trigger a further glial reaction, resulting in secondary tissue damage. Attenuation of the early inflammatory response to SCI may therefore limit the excessive astrogliosis and the extent of tissue injury, and accordingly improve locomotor function (Gris et al., 2004; Cuzzocrea et al., 2008; Tian et al., 2009) . As a stable derivative of pyruvate, ethyl pyruvate has recently been documented to have a potential anti-inflammtory and cytoprotective action (Kao and Fink, 2010) . For example, ethyl pyruvate is an effective scavenger of hydrogen peroxide and other ROS Fink, 2007) . Importantly, ethyl pyruvate inhibits many neurotoxic and pro-inflammatory cytokines produced by activated microglia, including COX-2, TNF-a, IL-1b and IL-6 2008) . In addition, ethyl pyruvate has also been shown to exert neuroprotective effects on brain energy metabolism (Tokumaru et al., 2009) . In the present study, we showed that treatment of animals with ethyl pyruvate resulted in a decrease in both activated microglia and CD11b-positive inflammatory cells in the damaged spinal cord, suggestive of a suppressive effect of ethyl pyruvate on SCI-induced neuroinflammation. Importantly, the TUNEL staining revealed that a comparatively small number of apoptotic neurons were present around the lesion site in ethyl pyruvate-treated rats, indicating that ethyl pyruvate can protect spinal cord neurons from inflammation-mediated damage. + axons in right (ipsilateral to the lesion site) versus left (contralateral to lesion site) half spinal cord among animal groups (n = 4 for sham-operated group, n = 6 for control group and n = 5 for ethyl pyruvate group). Scale bars = 150 mm. **P < 0.01 versus control. 8   9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27   28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 Although ethyl pyruvate evoked a significant amelioration of the abnormal glial microenvironment in the damaged spinal cord, the underlying mechanism of action of ethyl pyruvate was not resolved. Pyruvate, the anionic form of a simple alpha-keto acid, is an effective scavenger of hydrogen peroxide and other ROS as well as an important metabolic intermediate. Although pharmacological administration of pyruvate was shown to improve organ function in animal models of oxidant-mediated cellular injury, the therapeutic potential of this compound might be limited due to its poor stability in aqueous solution. Sims and colleagues developed a more stable aqueous form of pyruvate, ethyl pyruvate (Sims et al., 2001) . Ethyl pyruvate is cleaved into ethanol and pyruvate by intracellular esterase in the cytosol (Zeng et al., 2007) . Therefore, ethyl pyruvate is proposed to mimic the pluripotent pharmacological effects of pyruvate, including downregulation of the secretion of pro-inflammatory cytokines, amelioration of redox-mediated damage to cells and tissues, inhibition of apoptosis, and support of cellular ATP synthesis (Kao and Fink, 2010) . Despite the firmly established notion that ethyl pyruvate is an effective anti-inflammatory agent, the underlying biochemical mechanisms are still not understood. Song et al. showed that ethyl pyruvate exerted anti-inflammatory effects by modifying intracellular growthstimulating hormone levels and inhibiting NF-kB-dependent pro-inflammatory signalling (Song et al., 2004; Han et al., 2005) . Recently, ethyl pyruvate was shown to inhibit the JAK-STAT signalling pathway in activated microglia by Rac1 inactivation or SOCS1 induction (Kim et al., 2008) . Because the JAK-STAT signalling pathway also provides astrocytes with a vital mechanism for responding to various extracellular stimuli (Sriram et al., 2004; Schubert et al., 2005; Okada et al., 2006; Herrmann et al., 2008) , further study is necessary to determined whether this signalling pathway is also involved in the inhibitory effect of ethyl pyruvate on reactive astrogliosis.
Besides contributing to the intrinsic incapacity of the neuronal regeneration, the hostile glial environment formed at the lesion site is also one of the factors that prevents spontaneous anatomical and functional recovery after SCI. As described above, the glial microenvironment was ameliorated by treatment with ethyl pyruvate. Importantly, BDA antegrade tracing revealed that more nerve fibres were observed regrowing across the lesion site in the animals treated with ethyl pyruvate. The regenerative axons were mirrored by improved locomotor performance assessed by BBB scoring, grid-walk test and foot-print analyses. All these data indicate that ethyl pyruvate-induced amelioration of the glial microenvironment, including inhibition of astrogliosis and attenuation of the inflammatory response, contribute to the axonal regeneration and functional recovery, suggestive of its potential therapeutic benefit for SCI. JOBNAME: No Job Name PAGE: 16 SESS: 7 OUTPUT: Thu Jan 19 20:39:56 2012 SUM: 55AF5D9F /v2501/blackwell/B_journals/bph_v0_i0/bph_1804 AUTHOR QUERY FORM Dear Author, During the preparation of your manuscript for publication, the questions listed below have arisen. Please attend to these matters and return this form with your proof.
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